In this paper, fiber Bragg gratings (FBGs) were applied to measure dynamic strains inside a subscale wing under real-time wind tunnel testing. Two re-coated FBGs were embedded in the wing skin. The FBG sensor system includes a wavelength swept fiber laser with a wavelength indicator and fast signal processing modules. The agreement among the three kinds of sensor inside the subscale wing (FBG, electric strain gauge and PZT sensor) was confirmed in the bench test. The optical fiber strain sensors had an excellent resolution (<5 µε) in the time domain and could detect a frequency response up to 100 Hz. Through the wind tunnel test of the subscale smart wing, the flutter was experimentally detected using FBG sensors and their usefulness as an in-flight health monitoring system was demonstrated.
Introduction
Most conventional damage-assessment and nondestructive inspection methods are difficult to implement on the hard-toreach-parts of the complex structure of an aircraft. For this reason built-in assessment systems are necessary to monitor constantly the structural integrity of critical components. Also, a direct and fast strain measurement is a reasonable choice for these systems. The optical fiber sensor (OFS) has shown the potential to serve for real-time health monitoring of mechanical structures. It can be easily embedded into or attached to the structures. Furthermore, it has a natural immunity to electro-magnetic interference (EMI), high-intensity radiated fields (HIRF), transient signal interference or potential 5 Author to whom any correspondence should be addressed.
jamming. These advantages of the OFS render it a potential solution for the sensor systems of smart structures. In recent years, the fiber Bragg grating (FBG) has been the subject of intense development at many research centers around the world since the UV side writing technique was introduced in 1989 [1] . This small sensor with high sensitivity has been demonstrated in many applications with the aid of the development of highspeed demodulation methods, the multiplexing technique and fast signal processing methods [2] . One of the high-speed demodulation systems uses a high-power wavelength swept fiber laser (WSFL) and a signal processing circuit converting the resonance peaks of FBGs into one digital pulse train [3] . The FBG system constructed in this paper is based upon the techniques mentioned in [1] [2] [3] and it is utilized in this study for the sensor system of a subscale smart wing. Almost all airplanes operate under stringent environmental requirements related to temperature and moisture. The sensors in the vicinity of an engine must withstand a temperature of about 176
• C. The sensors on the other structural parts must endure a temperature of about −54
• C. An FBG sensor can satisfy the requirements related to the operating temperature. In contrast to electrical sensors with electrical cables, the optical fiber with index gratings is not affected by moisture. In addition, the existing electric cable uses the method of shielding to avoid susceptibility to EMI and HIRF. This brings about an increase of the cable weight. On the other hand the optical fiber minimizes weight and saves space for fly-by-light application. Therefore the FBG is here recommended as a sensor to monitor the in-flight health of the primary structures of an aircraft. It is worthwhile noting that before this recommendation, multiplexing OFSs based on extrinsic Fabry-Perot (FP) interferometry were proposed for monitoring airflow pressure over smart wings in the mid-1990s. The sensor system is also employed for applications involving actuator-and shape-memory-alloy-(SMA-) controlled airfoils and multi-parameter skin friction measurements [4, 5] .
Flutter, an interaction between the structural dynamics and the aerodynamics that results in divergent and destructive oscillations of motion, has been observed and documented for an aircraft since the era of controlled flight began [6] . Because flutter is generally of a catastrophic nature, flutter on the operating of an airplane could affect flight safety fatally. If this hazardous phenomenon is detected in flight, active flutter suppressions can be executed promptly, for instance, the operations of aerodynamic control surfaces, the use of adaptive materials or the reduction of flight velocity. In this paper, flutter was thus considered as a dangerous situation of the smart wing during the wind tunnel demonstration.
FBG sensor system

FBG sensor system using WSFL
The FBG sensor system used in this study consists of the wavelength swept fiber laser with a wavelength indicator (WSFLWI) and a fast signal processing unit. The WSFL is employed as a broadband source although its nature is optical pulses. The WSFL has a scanning tunable filter in the cavity to sweep the laser output wavelength in time continuously and repeatedly over a range of a few tens of nanometers. When the WSFL output is directed into a grating array, the optical signal is reflected at each Bragg-resonance wavelength. The reflected Bragg-resonance peaks in one array can be converted into a pulse train by employing a simple signal processing scheme based on time interval counting to be mentioned in the next section. Figure 1 shows a schematic diagram of the configuration of WSFLWI and signal processing elements. The WSFLWI [7] consists of a WSFL, a reference FBG, two sensing FBGs in the spar of the wing and an FP wavelength locker (FPWL). The WSFL has a unidirectional ring configuration with isolators, a 3 dB output coupler and an Er 3+ -doped fiber pumped by a laser diode at 980 nm. An FP tunable filter was used as the intracavity scanning filter and had the 3 dB bandwidth of 0.27 nm and the free spectral range (FSR) of 58 nm. We modulate the FP filter with a triangular waveform to produce the 40 nm-wavelength sweep from 1525 to 1565 nm at a repetition rate of 200 Hz. The laser output was directed into two FBGs for strain sensing and a reference grating for temperature compensation. An FPWL was used to eliminate the wavelength non-linearity of the WSFL output. Its reflected signal has the FSR of 0.8 nm, the spacing between each resonance and the exact wavelength accuracy (<2 pm) independent of temperature. The wavelength non-linearity is caused by the hysteresis of a PZT element inside the WSFL [5] .
Electronic signal processing scheme for the measurement of dynamic strain
The FBG sensor system for dynamic problems is in need of the fast signal processing technique to detect the Bragg wavelength shift exactly and rapidly. That is, a high-speed demodulation is indispensable to measure dynamic strain and analyze natural frequency in real time. In this study, the optical signal sensed in the wavelength domain is converted into the electrical wavelength-encoded signal in the time domain by an analog signal processing circuit. Figure 2 (a) shows the electrical signal of one sensor array, which has two sensing FBGs, embedded into the composite spar of a wing. An analog voltage differentiation circuit and a zerocrossing comparator in a pulse train generator perform peak detection. The differentiated signal crosses zero voltage at each peak and the voltage comparator generates one digital pulse train (0 and 4.3 V) as shown in figure 2(b). This pulse train generating technique permits fast signal processing by using a pulse period counter. The counter measures the pulse period by countiqng the number of rising edges of the 20 MHz source pulse train during the time interval between the active edges in figure 2(b). The generated pulse train is the TTL signal of which the frequency of pulse rising is considerably less than 20 MHz. Therefore the use of the 20 MHz counter is appropriate for this FBG system.
The counted pulse periods can be easily changed into the values of longitudinal strain only if each FBG spectrum has one peak. The split peaks of an FBG embedded in composites, the birefringence phenomenon of the single mode fiber, can be caused by the transverse residual strain and the shrinkage of the resin rich region around a Bragg grating written in a singlemode fiber [8] . Therefore all bare FBG sensors were re-coated by means of acrylate. The developed LabVIEW ® program with graphic user interface (GUI) performs the calculation of longitudinal strain and FFT in real time. The total FBG system including this signal processing program provides a strain resolution of 5 µε and a sampling rate of 200 Hz, and the interchannel spacing between strain readings is real time (of the order of milliseconds). The evaluation of the strain follows a simplified relation between strain and Bragg wavelength shift.
where K pe is the proportional constant with the photo-elastic constant as a parameter. It was measured by a calibration experiment. 
Set-up for experiments
Fabrication of the subscale wing with composite spars
A Boeing commercial airliner 1/25th scale wing model was fabricated as shown in figure 3 . The primary structures of the wing were made up of a composite front spar, a balsa wood rear spar and nine balsa wood ribs. The skin was composed of thin balsa wood plates and coating films. The cross section of the wing is the Boeing 737C airfoil. The fabricated half wing has the chord (c) of 200/110 mm and the maximum thickness of 19/9 mm at the wing root/tip except the epoxy-potting region. The wing span is 840 mm except the potting region of 20 mm. The sweepback angle, the incidence angle and the dihedral angle are 25
• , 3
• and 3
• , respectively. The trailing edge hingetype flap, a high-lift device, is 25% of the full chord and it is a half-span surface. The aerodynamic load on the flap required high-torque motors while the thin wing section restricted the size of a motor to be inserted in the wing. Therefore two servomotors that are capable of delivering up to 0.2551 N m were used in parallel. The epoxy-potting region was reinforced by glass fabrics and room-temperature performance epoxy in advance. A 136 g f engine nacelle was attached by using a pylon to increase the torsional excitation of the wing during the wind tunnel experiment. The lower and the upper parts of the composite spar were made up of glass/epoxy fabric prepregs of six plies (MXB 7701/220 5 of Cytec Fiberite, Inc.). As shown in figure 3 , a PZT sensor was bonded to compare natural frequencies with the results of other sensors during the impulse test. An electric strain gauge (ESG) was attached to verify the FBG as a dynamic strain sensor. The PZT sensor and the ESG were located at the same position as FBG1 along the span. FBG1 and FBG2 were embedded at 15 and 160 mm from the wing root excluding the potting region, respectively. Figure 4 (a) represents the set-up for the wind tunnel test and figure 4(b) shows a photograph of the subscale wing equipped in the test section. The method of epoxy potting was suggested to provide a one-end fixed condition so that the deflection of the wing at the support might be essentially negligible. The half wing was mounted in the middle plane of the test section of the wind tunnel. Including a radio controller and a receiver set, all devices were placed outside the wind tunnel so as not to interrupt the flow inside the wind tunnel. The arrays of optical fibers and the electric wires for the operation of the flap were extracted through drilling slots on the viewing window of the test section. Two extracted sensing arrays were readily combined in one sensing array by using a 50:50 coupler as shown in figure 1 . Because the use of the coupler induced 50% loss in the intensity of FBGs, the reference FBG was located after the coupler as shown in figure 1 . Similar intensity magnitudes as presented in figure 2(a) size and it is constructed of acrylic glass windows for viewing the model from both sides. The air is pulled through the tunnel by a 150 hp motor and smoothed by a single honeycomb screen at the beginning of the contraction duct. The vibrating strain of the wing results when the structure is exposed to air cross flow. It is possible to combine the measurement of both total and static pressure by using a Pitot static probe. The probe was inserted into the flow before the test article to measure accurately the wind velocity, and it was placed at sufficient distance from the test article to reduce the influence of airflow on the wing. The difference between the two pressures was converted into an analog voltage signal by means of a micromanometer. The real-time program for the visual readouts of the free stream velocity was developed with LabVIEW ® software and an AD converter.
Set-up for the wind tunnel test
Experiments and results
Bench tests
The bench tests provided system responses in frequency and time domains at zero airspeed. A hammer tap for an impulse input was used to verify the re-coated FBG as a dynamic strain sensor, as well as to obtain the system natural frequencies of the model. The first set of impulse tests was carried out to compare the results of the re-coated FBG (FBG1) and ESG. The FBG1 was installed right above the ESG and the difference between their vertical positions is only 0.72 mm as shown in figure 3 . In figure 5(a) , the time histories in 200 samples s −1 indicate a good agreement between the two strain measurements. Therefore this result means that the FBG sensor can be used with confidence to measure the fluctuating strains induced from aerodynamic forces. The second set was done to identify the system natural frequencies. FFT with the Hanning window was employed to obtain clear spectra. The first three structural modes of our model were detected in less than 100 Hz because of aliasing. Figure 5(b) shows the power spectral densities obtained by the FBG1, ESG and PZT sensor. The results show a good correlation among the three kinds of sensor. In addition, we can see one advantage of the FBG, which is the absence of 60 Hz electric noise only in the case of the FBG sensor. The first three natural frequencies were 21.88, 43.75 and 70.31 Hz in order of the magnitude of frequencies. Finally, figure 6 displays simultaneously the dynamic strain and the FFT result acquired from FBG1 and FBG2 during the bench test. The signal processing of these experiments was run in real time by our FBG system.
Wind tunnel tests
The wind tunnel tests consist of in-flight health monitoring and experimental flutter detection. Figure 7(a) shows the operation of the high-lift device for the in-flight health monitoring. The strain outputs obtained from FBG1 and FBG2 in each angle step at the free stream of 40 m s −1 are recorded in figure 7(b) . The hinge-type trailing edge flap caused the camber line of the wing section to curve and then induced an increase of lift. Finally the increased lift provoked larger strain of the primary structure in the subscale wing. The output responded in real time to the step angle input for each flap angle. The response of FBG1 was more sensitive than that of FBG2 because FBG1 was located near the wing root. Figure 8 (a) shows actual data during the 413 min flight of a Boeing airliner from London to New York in the middle of February. Figure 8(b) depicts the strain responses with a change in flap angle and velocity based on the actual data. Considering the testing limits of the wind tunnel and the flutter velocity to be mentioned in the next experiment, the in-flight health monitoring was run to assume the cruise velocity to be 40 m s −1 . The cruise flight time was also reduced to about 2 min. The embedded FBGs are alerting the user to the danger of excess loads in terms of dynamic strain in figure 8(b) . The subscale wing underwent the highest strain just before the switchover of ascending to cruise because of the maximum velocity and the maintained flap angle. The strain responses were also acquired and displayed in real time in the window shown in figure 6 .
The subscale wing encountered flutter within the testing envelope of the wind tunnel during the flutter test. The free stream velocity was increased step by step for the test. The flutter point is defined as the lowest air velocity at which the magnitude of the oscillations diverged within the data-taking interval [9] . As shown in figure 9 , the time histories of FBG1 and FBG2 have divergent oscillations at 268.06 s and at the flutter velocity of 48.73 m s −1 . The behavior of the subscale wing during the test was recorded by a camcorder. Bending and torsional vibrations were observed from the slow motion of the moving image. The trailing edge of the wing tip was lifted up and down repeatedly for the torsional vibration. Figure 10 is the sequential figures edited in 30 frames s −1 from the moving image during the period of large strain.
Frequency domain analysis was also performed using the Wigner-Ville method. The software used was MATLAB ® . The flutter frequency was 39.84 Hz as presented in figure 11 . The two adjacent modes (the first mode 21.88 Hz and the second mode 43.73 Hz) should be coalesced at the flutter frequency because the flutter occurs when the two mode frequencies coalesce into one.
Conclusions and discussion
A re-coated FBG connected in an FBG sensor system as a longitudinal strain sensor was utilized for the measurement of dynamic strain. A subscale wing with two re-coated FBGs was fabricated to demonstrate the suitability of the FBG as an alternative sensor for the purpose of monitoring the health of primary structures inside an airplane. Finally an in-flight health monitoring experiment was performed in a wind tunnel. In addition, the FBG could detect experimentally the flutter of the subscale wing during the wind tunnel test. The details of the conclusions are the following.
(1) The dynamic strains of the half wing were monitored in real time by two embedded FBG sensors during the bench test. An improved FBG sensor system with WSFLWI and a signal-processing circuit was employed for this test. The dynamic strains measured by FBG sensors showed a good agreement with those by ESG. The power spectral density obtained by FBG1 also shows good agreement with those by ESG and the PZT sensor. The experimental system identification was performed by several impulse tests. Finally, the GUI program developed for the FBG sensor system could display dynamic strain in the time domain and analyze natural frequencies in the frequency domain simultaneously.
(2) In the wind tunnel experiment, the health of the subscale wing was successfully monitored in terms of dynamic strain under the various situations of free stream velocity and trailing edge flap angle. Since the excessive changes of strain influence the performance of structure, the health of the half wing should be monitored constantly and in real time during the operation. In this aspect, the health monitoring demonstration verified the potential of the constructed FBG system. Moreover the inherent small size, light weight and EMI and HIRF immunity of the FBG strain sensor will make the sensing system attractive for smart wings. 
